With a total mass similar to the main asteroid belt, the Jovian Trojan asteroids are a major feature in the solar system. Based upon the thermal infrared spectra of the largest Trojans obtained with the Spitzer space telescope, Emery et al. (2006) suggested that the surfaces of these Trojans may consist of fine-grained silicates suspended in a transparent matrix.
Introduction

Along Jupiter
′ s orbit there are two regions of gravitational stability occupied by swarms of small bodies referred to as the Trojan asteroids. The
Trojans larger than 1 km are comparable in number to the asteroids between Mars and Jupiter (Jewitt et al., 2000; Yoshida & Nakamura, 2005) is currently unknown; they may have formed in Jupiter ′ s vicinity, or elsewhere in the outer solar system and were captured subsequently by Jupiter (Marzari & Scholl, 1998; Fleming & Hamilton, 2000; Morbidelli et al., 2005) .
The composition of these objects holds clues both to the nature of their origin, and the evolution of the early solar system.
Spectroscopic measurements of the large to medium-sized Trojans, us-ing ground-based telescopes, have yielded high quality spectra in the visible and the near infrared (NIR; Cruikshank et al., 2001; Emery & Brown, 2003; Dotto et al., 2006; Fornasier et al., 2007; Emery et al., 2011; Yang & Jewitt, 2011) . The albedos of Trojans are low, which is about 4% (Fernàndez et al., 2003; Grav et al., 2011) . Their spectra in between 0.4 to 2.5 µm tend to be relatively featureless and exhibit red spectral slopes; that is the reflection increases steadily from shorter wavelengths (visible) to longer wavelengths (infrared). Previous radiative transfer models of Trojans require dark components (e.g. carbon or organics) to explain their low albedos and other components (e.g. silicates) to fine-tune the model results (Cruikshank et al., 2001; Emery & Brown, 2004) .
Recent thermal infrared (TIR, 6-30 µm) observations of the four largest
Trojans using the Spitzer space telescope provide an important constraint on the surface composition of the Trojans (Emery et al., 2006; Mueller et al., 2010) . Despite the lack of any evidence of comet-like activity for Trojans, such as the presence of coma or tail, Emery et al. noted that the Trojan spectra most closely resembled the comae of active comets. This finding is quite surprising, because the existing observations suggest that Trojans have asteroidal surfaces, whose scattering and spectral properties are distinguishably different from cometary coma (i. e. diffuse dust clouds of silicates with other components suspended in space). In an effort to understand the TIR spectra, Emery et al. (2006) conducted an exhaustive spectroscopic mixing analysis of these spectra implementing all methods commonly used in planetary spectroscopic analysis and found no entirely satisfactory solutions. Nevertheless, Emery et al. have probably ruled out some special combination of previously suggested components situated in a conventional particulate regolith that can explain these spectra.
Because cometary comae consist of well-separated dust particles of silicates and carbon (among other species), Emery et al. (2006) proposed that the surfaces of the Trojans might consist of silicate particles entrained in a transparent matrix of unspecified material. Recently King et al. (2011) have shown that silicate material (particulate ordinary chondrite) suspended in a matrix of salt -highly transparent in the infrared -can qualitatively enhance the contrast of the 10 µm distinguishing characteristics of the Trojan spectra, supporting the suggestion of Emery et al. that such a mixing condition can explain their TIR spectra. However, it has not been demonstrated that the NIR spectra of the Trojans can be explained by a suspension of material in a transparent matrix, with model abundances similar at both wavelengths.
In this paper we reproduced the NIR spectra of several Trojans computing from a radiative transfer model that includes the effects of extremely fine-grained materials suspended in a transparent matrix based upon the suggestions of Emery et al. (2006) and King et al. (2011) . Among our findings is the need for strong absorbers (iron or carbon) that could potentially obscure the TIR 10 µm spectral feature. Using theory and experiment, we examined the impact of the strong absorbers on the TIR emission features. We presented a plausibility argument that salt suggested by King et al. (2011) could be the candidate for the transparent matrix. We also discussed a possible scenario for the origin of salt on the surface of the large Trojans.
Observations
Emery et al. (2011) showed that the Trojans exhibit two spectral types that differ in their spectral slopes. We obtained spectra of examples of both of the two groups (namely the "red" type and the "grey" type) using the NASA Infrared Telescope Facility (IRTF) 3-m telescope covering the wavelength range from 0.8 µm to 2.5 µm for all of our observations at a spectral resolution (λ/∆λ) ∼ 130. Details of these observations are provided in (Yang & Jewitt, 2011) .
Radiative Transfer Model
The radiative transfer model used in this paper treats the problem of submicroscopic absorbers and scatterers in a transparent matrix. The model is a slight modification to that of Lucey & Riner (2011) and is in turn based on that of Hapke (2001) , which addresses the problem of modeling the spectra of very small absorbing grains in transparent matrices in an effort to explain aspects of the unusual optical properties of the Moon. Hapke's approach is to modify the absorption coefficient of transparent hosts with the effects of submicroscopic particles and embed this in his overall model for bidirectional reflectance (Hapke, 1981 (Hapke, , 1993 . Hapke (2001) used Maxwell-Garnet theory to derive the absorbing effects of particles with Rayleigh x (2πr/λ, r is particle radius, λ is the wavelength, both expressed in the same units) parameter values much less than one. Lucey & Noble (2008) used experimental data to show that Hapkes treatment worked well for the very small particle sizes, but at values of x above unity, Hapke ′ s treatment departed strongly from experiment. Lucey & Riner (2011) adopted the same approach used by Hapke (2001) , but replaced the absorption derived from Maxwell-Garnet theory with size dependent Mie-theory and showed that this model reproduced measured spectra of mixtures over a wider range of sizes than using the Maxwell-Garnet approximation.
Modified Hapke Model
In this paper, we adopt Lucey and Riner ′ s approach, but also add the effects of scattering by the extremely fine-grained olivine particles. In Hapke ′ s treatments, scattering by small aspersions in grains is described by an empirical scattering parameter s that modifies the single scattering albedo of the grain (Hapke, 1981 (Hapke, , 1993 . To compute the parameter s using Mie theory, we first calculate the scattering efficiency q s taking note of the fact that the absorbing particle is immersed in a host medium of complex refractive index n h , so the effective complex refractive index used in the Mie calculations is n ef f =n g /n h . The effect of the scattering particles is their scattering efficiencies weighted by the cross sectional area of the particles. This is expressed in terms of mass fraction in equation (1) for which a derivation is given in Lucey & Riner (2011) (in that case the effective absorption coefficient of absorbers is derived instead of s, but the derivation is identical, replacing q a with q s ).
where s M ie is the scattering parameter, q s is the scattering efficiency computed from Mie theory, M p is the mass fraction of the scattering particle,
and ρ h [g/cc] are the densities of the scattering particle and medium respectively, and d p is the size of the scattering particle in centimeter. This assumes a relatively low density of scatterers to avoid inter-particle shadowing, and this low density permits the use of Mie scattering that includes diffraction without correction. Because the scattering efficiency of absorbing particles is so low compared to their absorption efficiency the scattering effects of the absorbing particles (iron or carbon) are neglected.
We explore the effects of extremely fine-grained components and use models with a total of only three materials, of a palette of four: A transparent matrix, assuming a real refractive index of 1.54 and an imaginary index of 0, representing many salts; two strong absorbers-amorphous carbon and native iron-of micron size or less; and the silicate olivine. Olivine, carbon and iron are chosen as they are common constituents in cometary comae Levasseur et al., 2008) and asteroidal meteorites (Brown et al., 2000; Zolensky et al., 2010) , and were detected in the Stardust sample collection. The optical constants for amorphous olivine (strictly speaking, a glass of olivine composition), carbon and iron used are shown in Figure 1 . and are from Dorschner et al. (1995); Paquin (1995) ; Preibisch et al. (1993) , respectively. In the model, the Trojan surface is represented by large grains of the transparent material (25 µm sizes are used throughout) with the small absorbers either infused throughout the transparent grain, or coating the surface (the effects of these two distributions are equivalent in this model). In any model we include only one of the two strong absorbers. The models require more than one size of absorbing grain to match both the albedo and slope of the spectra. For simplicity, we used only two size grains, 1 micron grains, and grains that are a few tens of nanometers in size and have a Rayleigh size parameter x less than 0.3 at all wavelengths. These extremely fine-sized particles have effects nearly independent of particle size (Hapke, 2001; Clark et al., 2010a,b,c) . At thermal wavelengths both sizes have small x parameters and only total abundance is relevant.
Results
The results of modeling the NIR spectra of both the "red" and "grey"
Trojans are given in Figure 2 and Table 1 . In the case of the "red" Trojans, iron produced a better fit to the shape of the NIR spectrum ( Figure 2a ).
The iron-bearing mixtures also require less mass of absorber than the carbon mixtures, with typically about 5 wt.% and 15 wt.% required respectively.
However, carbon cannot be ruled out entirely. Whereas, the "grey" Trojans are better modeled with the carbon mixtures ( Figure 2b ). In the NIR, olivine is a very weak absorber at extremely small sizes, and principally acts as a scattering center, with an effect nearly identical to reducing the particle size of the transparent host grains. Therefore, the NIR spectra place only a weak constraint on olivine abundance. An upper limit of ∼5 wt.% olivine is imposed to reproduce the low albedo of the asteroids, and best fits are achieved with 1 wt.% olivine. In summary, the NIR spectra of the Trojans are consistent with iron or carbon grains suspended in a transparent matrix with up to 5 wt.% olivine permitted.
Despite this success, we recognize that the abundances of absorber required to match the albedo of the Trojan spectra might erase the very silicate feature that is the crucial clue to the transparent matrix. To investigate this possibility, we used the same model at thermal wavelengths, and acquired spectra of physical mixtures (described in the next section). A significant challenge to modeling in this region is the presence of thermal gradients in the optical surface that have a very strong effect on spectra in the region of thermal emission. There have been a variety of attempts to model this effect, but even models of simple reflectance are only modestly successful at reproducing measured spectra in detail (e.g. Mustard & Hays, 1997 Figure 3 ), though does not match the Trojan spectrum in detail (no fine-tuning the model to fit individual spectral features has been attempted and our use of olivine alone is simplistic), the key 10 µm silicate feature is well preserved in the modeled TIR spectrum. In contrast, the silicates features are more severely impacted by a carbon contaminant as shown in blue in Figure 3 . On the other hand, the carbon model matches the sample spectrum of "grey" Trojans adequately well in the TIR, see Figure   4 , which is consistent with our finding in the NIR, It has been noted that only "red" Trojans, such as (624) Hektor, show a prominent 10 µm emission feature in the TIR. Whereas, the "grey" Trojans, such as (617) Patroclus, show none or much weaker 10 µm emission in their TIR spectra (Emery, 2008) . Our modeling results are consistent with the previous Spitzter observations of Trojans and suggest that the "red" Trojans contain nano-phased iron as the strong absorber which absorbs a large fraction of visible light and, in turn, causes the low albedo and the red spectral slope. Since the silicate emission feature is not affected by iron at longer wavelengths, the "red" Trojans tend to exhibit strong emission feature near 10 µm. The "grey" Trojans, on the other hand, have been contaminated with fine-grained carbon particles and the silicate feature is severely muted by the carbon component. Given that carbon is not as efficient as iron in absorbing UV light, it explains the less red spectral slopes of the "grey" Trojans.
Laboratory Experiments
To better understand the potential weaknesses in the thermal spectral model, we acquired a series of laboratory MIR emissivity spectra of olivinesalt-carbon mixtures. Like our model, these data were not acquired under vacuum with simulated solar heating that is known to have a striking effect on thermal emission spectra, strengthening contrast in spectra of very fine particles, but we use these data to inform us regarding the visibility of the silicate feature. We acquired all of the spectra on a Nicolet 6700 FTIR spectrometer. Emissivity measurements between 2000 and 250 cm −1 (5-40 µm) were carried out using a CsI beamsplitter and a deuterated triglycine sulfate (DTGS) detector with a CsI window. Samples were heated to 80
• C to increase signal, and spectra were calibrated using a blackbody source according to the methods of Ruff et al. (1997) . It should be noted that the calibration of radiance data to emissivity assumes unit emissivity somewhere in the wavelength region of interest. Because of the relatively low emissivity of halite between 5 and 40 µm, this may not actually be the case, and a slope may be imparted on the spectrum (Osterloo et al., 2008, e.g.) .
Our mixtures were composed of two or three components, which included halite, San Carlos olivine, and amorphous carbon. Nanophase iron was not used as a component owing to its rapid alteration to iron oxide. San Carlos olivine was ground in an agate ball mill and the < 2 µm size fraction was separated according to Stokes ′ settling method at 22
• C using HPLC grade distilled water. We used a reagent grade 99%+ pure synthetic halite powder for our salt phase and submicron amorphous carbon for the strong absorbing phase. We prepared three mixtures using these starting products: 1) salt + 1 wt.% carbon, 2) salt + 2 wt.% olivine, and 3) salt + 1 wt.% carbon + 2 wt.% olivine. After mixing, samples were homogenized by gently grinding with an agate mortar and pestle.
MIR emissivity spectra of the three mixtures are displayed in Figure 5 .
The salt/carbon mixture is essentially featureless with emissivity values less than unity over much of the spectral range (features between 30 and 40 µm in all three spectra are due to minor water vapor in the atmosphere during measurement). In contrast, the salt/olivine mixture displays strong features throughout the spectrum, with major absorptions centered at 8 and 13 µm.
When 1% C is added to the salt/olivine mixture, the prominent silicate absorption features are significantly weakened, but emissivity maxima at ∼10
and 11 µm still persist. Our laboratory measurements is entirely consistent with our TIR model and demonstrate that carbon is indeed effective at sup-pressing the silicate feature. However , the weakening effect due to carbon has not been reported or discussed in the literature concerning simulations of comet spectra in the TIR. In these studies, large amount (20-30 wt.%) of amorphous carbon are often used (Wooden et al., 2000; Min et al., 2005) .
The model and the laboratory data reveal a novel effect of a combination of a non-absorbing matrix (salt) and minute amounts of a strong absorber (carbon) on typical silicate emissivity.
Discussion
While the proposition by Emery et al. (2006) that an unusual scattering situation on the measured Trojans may be required by the thermal data does not rule out some future, more prosaic explanations, this is the state-of-art in understanding the surfaces of these objects. that salt could be that medium on the Trojans. Our work here shows that a transparent medium can account for the NIR spectral properties and still preserve a 10 µm silicate feature. Thus, a weakly contaminated transparent medium is the only scattering scenario that can explain observations for both wavelength regions, although high surface porosity has also been suggested to explain the TIR (but not the NIR) spectra (Vernazza et al., 2012) . Local salt rich surfaces are observed on the Earth, Mars (Osterloo et al., 2008) and Europa (McCord et al., 2001 ). Prior to superior data from Voyager, salt is suggested for Io (Fanale et al., 1974) . Also, brine volcanism is proposed as an important geological process for the icy satellites of the outer planets (Kargel, 1991) . However, on the Earth and Mars these surfaces are highly restricted and are geologic exceptions; in the Jovian system the satellites enjoy especially vigorous heating which is not a likely part of the history of the Trojans. Our study begs the question whether a salt-rich surface is plausible for the Trojan asteroids.
One possible origin for a salt-rich surface is deposition as an evaporite layer, and we explore the plausibility of this hypothesis for the Trojans. We begin with a discussion about whether water ice could be present in the lower, but the exposure times must have been far longer, even for "one pass"
exposure (see Young et al. 1999 ).
We note that the actual composition of the rock component of Trojans is currently unclear, however, it could take up one of the two possible forms.
One possibility is that the rock component resembled CI or CM carbonaceous chondrites, then Trojans would have contained initially abundant watersoluble substances. Alternatively, the rock portion had never experienced aqueous processes prior to or during accretion, then Trojans would have consisted of ice intermixed with anhydrous silicates resembling C3 or ordinary chondrites. In this scenario, as the heating source melted the internal ice, which was in close contact with rock, aqueous reactions between liquid water and anhydrous silicates would be inevitable, yielding hydrated phyllosilicates and soluble salts. Thus, regardless of the initial alteration status of the rock component, partial or complete melting of the water ice probably would lead to the formation of brines rather than pure water.
Any early asteroid is clad with a cold primitive thermal crust that would cause freezing of upwelling liquid water under it, forming a possibly global sill of frozen brine a few kilometers below the surface. However, if the initial ice-rock ratio is too low (shown as Figure 6a ), no water remains after silicate alteration. In this case the asteroid, no longer buffered by liquid water, will continue to heat, eventually dehydrating the silicates, and again providing a source of liquid water to take up ions, and deposit a brine below the chill crust.
In either scenario the asteroid is exposed to the intense early impact flux.
Trojans are well confined at two Lagrangian points and have a wider distribution in their inclinations than that of the main belt asteroids. Therefore the impact rate for Trojan asteroids is higher than the inner solar system (dell 'Oro et al., 1998; Melita et al., 2009) . We take the model developed for
Ida presented in (Geissler et al., 1994) and apply it to the Trojan population to estimate the erosional rate. Assuming a flux of 6.5×10
and characteristic impact velocity of 5 km/s (Melita et al., 2009) , we find that around 3×10 9 kg/yr of material will be stripped from the surface during excavation of craters.This corresponds to a shell about 20-km thick every billion years. These estimates are based on canonical scaling laws for vertical impacts, however, and therefore should be considered as upper limits. A true model taking into account the obliquity and updated velocity scaling laws promises a more realistic estimate.
As discussed above, intense bombardments are likely to erode the primitive crust and may expose the frozen brine layer. The exposed brine would promptly sublimate until a protective armor of salt accumulates. Following the late heavy bombardment era, occasional impact events may re-expose frozen brine which would sublimate and again armor with salt. Hydrated minerals may be present on the Trojans and could be exposed by impacts, however, their spectral signatures may be masked by the subsequent formation of an evaporite layer.
Conclusions
In this paper we show that the hypothesis by (Emery et al., 2006) that the surface of the Trojans may be composed of silicate grains in a transparent matrix is consistent with the NIR spectra of the Trojans. We also show through theory and experiment that the required abundances of carbon as the dark absorber (in the case of the "gray" Trojans) significantly weakens the silicate emission band in the TIR. On the other hand, we show that iron (in the case of the "red" Trojans) appears not to erase the silicate features giving rise to the original transparent matrix hypothesis. We expand upon the suggestion by (King et al., 2011) (Dorschner et al., 1995) (dashed, k, solid, n) . The olivine is forsteritic with a composition of Fo80. B) optical constants of iron from (Paquin, 1995) ; C) optical constants of carbon from (Preibisch et al., 1993 ). with the IRTF telescope. The red dashed line is the modeled spectrum using 4 wt.% µm-sized iron + 2 wt.% nano-phase iron and 1 wt.% of olivine suspended in a salt matrix.
The blue dashed line is the modeled spectrum using 2 wt.% µm-sized carbon + 14 wt.% nano-phase carbon and 1 wt.% of olivine suspended in a salt matrix. Lower: b.) The solid line is the spectrum of a grey Trojan (3451) Mentor, taken with the IRTF telescope.
The red dashed line is the modeled spectrum using 5 wt.% µm-sized carbon + 6 wt.% nano-phase carbon and 1 wt.% of olivine suspended in a salt matrix. The blue dashed line is the modeled spectrum using 7 wt.% µm-sized iron + 2 wt.% nano-phase iron and 1 wt.% of olivine suspended in a salt matrix. It shows that the iron model can best fit the red Trojan spectrum. in contrast, the spectrum of the grey Trojan can be explained by the carbon model. Mueller et al. (2010) and is provided by Dr. Josh Emery.
The blue dashed line is the modeled spectrum using 5 wt.% of carbon and 5 wt.% of olivine suspended in a salt matrix. The model that uses only olivine in a salt matrix is shown in green. It illustrates that carbon sufficiently suppresses the 10 µm emission feature. Our carbon model fits the grey Trojan spectrum adequately well. On assembly, the object is composed of a mechanical mixture primitive silicates and ices.
As Al
26 decays the ice melts and silicates begin to alter. Depending on the initial ice content the object can follow two paths. In the ice-rich case (top; a) the silicates are completely hydrated, leaving residual liquid water. During hydration and melting of ices, gas species that are more volatile than water build up the pressure in the interior of the object, forcing circulating liquid water upward where it will tend to accumulate below the cold primitive surface layer. The liquid water, a brine because of contact with the rock component, will eventually freeze below the primitive crust. Simultaneously, the late heavy bombardment will erode the primitive crust and may expose the frozen brine layer.
The exposed brine will promptly sublimate until a protective armor of salt accumulates.
Following the late heavy bombardment, occasional impact events may re-expose frozen brine which will sublimate and again armor with salt. The ice-poor initial state (bottom; b) follows a different early evolution, but similar late evolution. In this scenario, ice is completely consumed by the altering silicates, and without the buffering effect of melting and alteration the interior can heat substantially until the silicates dehydrate, again contributing liquid water to the system, opportunities for dissolution of ions, and accumulation in a sub-crustal layer.
